Dual Porosity Filtration (DPF) is designed for sedimentation-based removal of suspended solids (SS) and adsorption-based removal of dissolved contaminants from stormwater runoff. It consists of shallow (10 mm) low-porosity layers for contaminant retention, interlaid with highporosity layers for horizontal, gravity-driven flow. 
INTRODUCTION
The comprehensive hydrological freshwater cycle is worldwide under tremendous pressure from the ongoing industrialization and urbanization, resulting in overexploitation and deterioration of water quality (Oki & Kanae ) . As the hydrological cycle becomes more and more displaced the need for local recycling and purification of wastewater is accentuated. Today, most cities have a linear rather than a cyclic way of supplying freshwater and discharging wastewater. One major resource of water in cities is stormwater runoff, which is however seldom considered a water supply resource due to its content of contaminants. If the contaminants in stormwater runoff can be removed this wastewater fraction may contribute significantly to the replacement of the freshwater cycle in urban areas, as stormwater runoff is already managed in infrastructure systems.
Harvesting and reuse of stormwater runoff from roof tops is common practice in many arid and semi-arid regions of the world, and a central part of the Water Sensitive Urban Design developed in Australia (Mitchell ) . Roof top runoff requires no or little treatment before use. Harvesting and reuse of road runoff, i.e. stormwater runoff from trafficked surfaces like roads and parking areas is to the contrary not common practice. Best management practices of stormwater runoff containing road runoff involve basically only sand and oil traps before discharge to a receiving water body. In a number of places, e.g. the US, Germany, Great Britain, the Netherlands, Australia and New Zealand sustainable urban drainage devices (SUDS) based on infiltration through an upper soil layer, e.g. a bioswale, a swale-trench system, or an infiltration area, ensure a high quality of the runoff, but provide no options for direct reuse as the treated water disappears through infiltration into the ground (e.g. Scottish Government ). Treatment technologies based on membrane filtration or reverse osmoses provide this option, but the high energy demand and operating requirements limit their application.
In search for treatment technologies for road runoff with little energy and operation demands, and thus applicable at large scale, one should bear in mind that the technology needs to 1. Target the mixed contaminant profile and the highly variable contaminant mass characteristically of stormwater runoff (Gilbert & Clausen ; Eriksson et al. ; Göbel et al. ) , 2. Operate at high flow rates to minimize the need for storage volumes, and 3. Allow for reuse of the water by conserving the water volume in the treatment process.
Dual Porosity Filtration (DPF) is an IPR-protected technology (Patent disclosure PCT/DK2003/000443) developed at University of Copenhagen, Denmark, for treatment of stormwater runoff to high quality. It is based on gravity driven flow and the unit operating processes are sedimentation, sorption and biological degradation. A DPF-plant consists of a stack of shallow alternating horizontal layers of high and low-porosity. In this way a flow medium is created, which is rather similar to that of fractured till, where substances are exchanged between mobile water in fractures (high-porosity layers) and immobile water in the soil matrix (low-porosity layers) (e.g. Berkowitz ; Jørgensen et al. ). The main difference is that in a DPF-plant the flow direction is horizontal, while it is more or less vertical in a fractured till. Further details, illustrations and an animation of the DPF-treatment principle can be found elsewhere (Cederkvist et al. () , DPF-website).
The DPF-technology has been tested for 2 years in a pilot plant located in a 310 ha large urban development, Orestad, in Copenhagen. In Orestad stormwater runoff from roof tops is managed separately from road runoff: roof top runoff is discharged directly from individual downspouts into a 10 km long system of local water canals serving amenity purposes, while road runoff for the time being is pumped through an underground pipe system to the ocean, without any treatment apart from oil and sand trapping. However, as stated by the Municipality of Copenhagen (Copenhagen Municipality ), the goal is in the future to pass the road runoff through a local cleansing device and exploit also the road runoff as supply water for the canal system. If the DPF-technology can turn road runoff into high quality water that meets the requirements prescribed by Copenhagen Municipality at reasonable costs this technology will be employed in two full scale plants, each providing treatment for road runoff from approximately 32.5 ha of trafficked surfaces. The objective of the treatment is to ensure clear water in the canals (secchi depth >1.2 m) and low concentrations of potential contaminants and phosphorus (prevent algae growth), as specified into the discharge quality requirements listed in Table 1 .
OBJECTIVES
The objective of this paper is to provide first proof of concept for the DPF-technology for treatment of road runoff. The proof of concept is based on removal of contaminants to outlet concentrations required by Muncipality of Copenhagen, and hydraulic performance. Further the objective is to discuss full-scale design options for the DPF-technology.
MATERIALS AND METHODS
The DPF-pilot plant
The DPF-pilot plant is located belowground in a park. It receives stormwater runoff from 1.3 hectares of roads and parking areas. It is dimensioned to operate at a maximum flow rate of 18 m 3 /h, which corresponds to treatment of 95% of the annual runoff of 580 mm, and a return period of T ¼ 5 years, i.e. one overflow every 5 years. This combination of catchment size, treatment flow rate and T is possible due to storage capacity provided in the pipe system transporting the road runoff from the roads through a pumping station to the pilot plant. Two different types of DPF-filters are being compared, a 'DPF-6-layers' and a 'DPF-18-layers', both designed for a flow rate of 9 m 3 /h. The location of the pilot plant is downstream from the pumping station, which is equipped with an ordinary sand trap and a lamellar oil separator. The pumping station receives stormwater runoff from an area of 32.5 ha consisting exclusively of roads and parking areas. When it starts to rain over the catchment the runoff will flow into inlets in the road to the underground pipe system, through which it will flow to the sand-and oil trap in the pumping station. When the water level reaches a certain level the pump will start discharging the water into the discharge pipe, and at the same time the pilot plant will receive a fraction of the road runoff corresponding to 1.3 ha through a small pipe inserted into the pumping station's main discharge pipe. The pipe to the pilot plant discharges into a stainless steel vessel, placed in the inlet sampling and monitoring well. From the vessel the inlet water is split into two gravity driven streams, feeding the separate inlet chambers of DPF-6-layers and DPF-18-layers, respectively. As the water level builds up in the inlet chambers a hydraulic gradient is established, and water starts to flow into the open ends of the filter stacks, towards the two separate outlet chambers 50 m away. The maximum water level in the inlet is 1 m higher than the level in the outlet chamber, allowing for a maximum hydraulic gradient across the 50 m of 1.3 m in DPF-6-layers, and 1.2 m in DPF-18-layers, 
DPF-mechanism:
Design of pilot plant:
• Cross-sectional area of high-porosity layers • DPF-6-layers: 6 high-porosity layers of 6 mm height and 3.44 m width 
• Height of high-porosity layers • DPF-18-layers is expected to provide a better treatment due to only 4 mm particle fall distance, vs. 6 mm in DPF-6-layers DPF-6-layers and DPF-18-layers refer to the two versions of a DPF-filter being compared in the pilot plant.
due to differences in height of filter stack. This corresponds to maximum gradients of 2.6% in DPF-6-layers, and 2.4% in DPF-18-layers, allowing for some adjustment of the flow rate through the filters. From the outlet chambers the water is pumped through a sampling and monitoring station, before it is discharged to a canal.
Design criterion for DPF-treatment plant
In Table 1 the design criterion for DPF-filters, based on the design of the pilot plant are summarized.
Sampling methods and analysis
The first proof of concept is based on 25 rain events sampled in the period January -July 2007. The pilot plant has been monitored in total for 2 years, providing additional documentation (DPF-website). The monitoring period was finalized with destructive core sampling of DPF-6-layers to observe distribution of sediment.
Sampling and monitoring equipment
The inlet flow was online registered by a magnetic flux flow meter (MJK) placed in the pipe entering the inlet sampling well. As the influent passed through the open stainless steel vessel of 5 L flow proportional samples were obtained with a fraction collector equipped with 24 PE-containers of 0.5 L (ISCO 3700). Flow through the DPF-6-layers and the DPF-18-layers were recorded in the two outlet chambers by use of magnetic flux flow meters (MJK) inserted in the discharge pipes. Flow proportional samples of the outlet water were obtained by use of fraction collectors in a setup similar to that of the inlet.
Water quality analyses
A portion of each bulk sample was analyzed for suspended solids (SS) by filtering through a boron silicate filter with a pore-size of 0.7 μm (Whatman GF/A), drying and weighing, following DS/EN 872:2005 (Danish/European Standard ). Unfiltered samples were acid digested in 7 M HNO 3 heated to minimum 120 W C in a microwave for 30 min, hereafter the element concentrations were determined by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) analysis at an Agilent 7500c ICP-MS (Agilent Technologies, Tokyo, Japan) equipped with an octopole reaction system.
Hydraulic conductivity
Before sampling of the first rain event the hydraulic capacity of each filter was determined during water saturated conditions. Each filter was filled with water to displace trapped air. Hereafter the water was pumped from the outlet chamber back to the inlet chamber at a constant rate until the water levels in both chambers were steady. The values for flow and water levels were then recorded, where after the pumping velocity was changed to force a new hydraulic gradient across the filter. This procedure was repeated 5 times for the DPF-6-layers and 4 times for the DPF-18-layers. During operation of the pilot plant the max flow rate observed within individual rain events was used as an indicator of clogging trends. This was continued in the event sampling period following the period reported here (DPF website).
Filter core samples
After 2 years of operation 6 vertical filter core samples were cut out from DPF-6-layers at increasing distances from the inlet (1, 3, 5, 10, 20 and 30 m). Each core measured 0.2 × 0.3 m and comprised the entire stack of 6 pairs of high and low-porosity layers. The accumulated sediment from a 0.1 × 0.1 m subsample of each core was separated from the limestone, geotextiles and PE-nets by washing and sieving, and the amount of sediment determined by following DS/ EN 872:2005 as described for SS. Further, from each distance, a sample of accumulated sediment was dispersed in water by use of ultrasound and the particle size distribution determined by laser diffraction (Malvern Mastersizer 2000) and expressed as volume-averaged diameter.
RESULTS

Overview of events sampled
Flow characteristics of each of the 25 events sampled are summarized in Table 2 .
Influent and effluent EMC and associated removal percentages
Event mean concentrations (EMC) for inlet samples and outlet samples from DPF-6-layers and DPF-18-layers in 25 rain events are summarized in Table 3 . For associated hydraulic information please refer to Table 2 and Figure 4 .
Suspended solids (SS)
As seen from Table 3 , the average level of SS in road runoff arriving at the DPF-pilot plant was 123 mg/L. As this water has already passed through a sand trap the original level of SS in road runoff from the area is assumed to be higher. The average value covers a significant variation from 23 to 393 mg/L, the highest value exceeding 16 times the required outlet concentration of 25 mg/L (Table 3 and Figure 1 ). Upon passage of the DPF-6-layers the road runoff meets the required level of less than 25 mg SS/L in all but one event, resulting in an average outlet concentration of 10.5 mg/L, varying from 1.4 to 25.8 mg/L (Table 3, Figure 1 ). The concentration of SS in the outlet from the DPF-18-layers is far below the required level in all events, returning an average concentration of 1.4 mg/L, covering variations from 0.4 to 4.4 mg/L (Table 3, Figure 1 ). The average percentage removals in the DPF-6-layers and the DPF-18-layers for SS are 91.5 and 98.9%, respectively.
Heavy metals
The inlet and corresponding outlet EMC for total concentrations of Zn, Cu, Cr and Pb from the DPF-6-layers and the DPF-18-layers are shown in Figure 2 for each event, and summarized in Table 3 .
In approximately half of the observed events the level of Zn in the inlet is already below the required level of 110 μg/L, while in the other half the required level is exceeded up to two times. The concentration of Zn in the outlet water from the DPF-6-layers and the DPF-18-layers is below the requirement in all events. The concentration level of Cu in the inlet water generally exceeds the required level of 12 μg/L. The outlet average concentration from DPF-6-layers is at the required level, while the average outlet concentration from DPF-18-layers is well below the required level. However, as indicated by the min.-max. ranges, in 12 individual events the outlet Cu-concentration from the DPF-6-layers exceeds the required level, while the same applies for 5 events for the DPF-18-layers.
In approximately 75% of the events the concentration of Cr in the inlet water is above the required level of 10 μg/L. The average outlet concentrations are just above the required level for DPF-6-layers, and at the required level for DPF-18-layers. However, as indicated by the min.-max. ranges, in 9 individual events the outlet Cr-concentration from the DPF-6-layers exceeds the required level, while this is also the case for 7 events for the DPF-18-layers.
In almost all of the events the concentration of Pb in the inlet water is significantly above the required outlet requirement of 3.2 μg/L. In all events the outlet concentrations from both the DPF-6-layers and the DPF-18-layers are below the required level. Slightly higher outlet concentrations than inlet concentrations are observed in a few events: Zn in event 7, Cu in event 6, 7 and 13, and Cr in event 1, 6, 7, 9, 10, 13 and 25. In most cases the corresponding inlet concentrations are relatively low, suggesting small differences in the specific water volumes being represented by the bulk samples to be the explanation. Contamination of samples may be another possible explanation.
Phosphorus
Approximately 75% of the events have EMC inlet concentrations of P exceeding the allowed level of 100 μg/L (Figure 3, Table 3 ). All the DPF-6-layers events comply with the requirement, except event 25, which borders the requirement with 101.4 μg/L. For the DPF-18-layers all events meet the requirement.
Hydraulic capacity
In Figure /h. By extrapolation of the curves it can be seen that at the maximum gradients the desired flow can be reached, thus in DPF-6-layers a flow of approximately 9 m 3 /h is observed at gradient of 2.6%, while in DPF-18-layers a maximum flow of 8.5 m 3 /h is observed at the maximum gradient of 2.4%. Apparently, the flow capacity data provided by the manufacturer of Tensar ® and EnkaDrain ® need to be adjusted to lower values. The observed flow rates, both maximum and average, in each of the 25 samplings of runoff events are shown in Table 2 . It is seen that a number of the events result in maximum flow rates in the DPF-6-layers around the design criteria of 9 m 3 /h, and that this is also the case for a few events in the DPF-18-layers. In this way the initially measured hydraulic conductivity (Figure 4 ) is confirmed. The maximum flow is reached only in events with high rain intensity. The average flow in the DPF-6-layers during the 25 events is 7 m 3 /h, and 4 m 3 /h for the DPF-18-layers, reflecting the differences in hydraulic conductivity and gradient. It should be noted that from later event samplings (2 years in total, data available at DPF website) a clogging trend was observed, especially for the DPF-18-layers.
Accumulated sediment: Distribution in filter and particle sizes
The filter core sampling of the DPF-6-layers after 2 years of operation showed the vertical distribution of sediment (i.e. among the 6 pairs of high-and low-porosity layers at each distance) mass to be even (data available at DPF-website), confirming that all high-porosity layers have transported comparable amounts of water. The horizontal distribution of sediment over the 50 m long filter is strongly skewed towards the inlet ( Figure 5 ). Thus, approximately 50% of the total sediment (SS) accumulated in the DPF-6-layers is found within the first 10 m. Inspection of the individual low-and high-porosity layers showed that in the first 5-10 m of the filter the accumulated sediment had completely filled up the low-porosity lime stone layers, and had also started to accumulate on top of the geotextile, causing the free cross-sectional flow area of the high-porosity PE-net to be reduced. At the distances of 20 and 30 m from the inlet the upper geotextiles of the low-porosity layers were free of sediment, which were only found in the voids between grains of limestone within the low-porosity layer. The particle size distribution of accumulated sediment at each investigated distance appears in Table 4 , expressed as the three diameters d(0.1) 10th percentile diameter, d(0.5) 50th percentile diameter, and d(0.9) 90th percentile diameter. It is seen that the particle size distribution of the sediment shifts towards smaller and smaller particles with increasing distance to the inlet, corresponding to a higher fraction of the larger sized particles being removed in the first part of the filter. It is further seen that the DPF-6-layers retains particles also in the smallest size fraction, in that d(0.1) shifts from 1.7 μm at 3 m from the inlet to 0.9 μm at 30 m from the inlet, and probably even smaller sizes at the end of the filter. This ability to remove particles down to colloidal size (1 nm to 1 μm) demonstrates in combination with the overall suspended solid removal rates of 91.5% for DPF-6-layers and 98.9% for DPF-18-layers a high efficiency of the DPF-principle towards particle removal. 
DISCUSSION Removal efficiency compared to requirements
Regarding SS, Zn, Pb and P the DPF-pilot plant performs well. Both the DPF-6-layers and the DPF-18-layers discharge treated road runoff having contaminant concentrations strongly reduced and in all events but number 25 the required threshold limits are met. In event number 25 the outlet concentrations of SS and P from DPF-6-layers are just above the limits, which is ascribed to this rain event being one of the more extreme (Figure 2 ). Both Cu and Cr are identified as potentially problematic as none of the filter versions are able to meet the requirements in all events. It should be noted however that the average outlet concentrations for the 25 events do comply with the requirements, and that the single events exceeding the requirements do so only marginally, especially in case of Cu. From the literature and preliminary lab experiments calcite is known to have good affinity towards Cu 2þ (Ghazy & Ragab ) . The explanation for the observed lower removal in the pilot plant could be that a part of the dissolved Cu is bound in dissolved organic complexes (Metreveli et al. ) .
The insufficient removal of Cr can be attributed to the fact that Cr in stormwater may appear in its anionic form chromate (CrO 4 2À ), which does not sorb to calcite (Fendorf ; Yolcubal & Akyol ) . To improve the removal efficiency of the DPF-pilot plant towards Cr and Cu a limestone -iron oxide mix was tested as filtering material in the DPF-6-layers with promising first results (Cederkvist et al. ) .
Comparison of DPF-6-layers and DPF-18-layers
As expected, the DPF-18-layers performs better with respect to all contaminant parameters compared to the DPF-6-layers. This difference, which is markedly seen for SS, Zn, Pb and P, is ascribed to the shallower height of the DPF-18-layers high-porosity layer (4 mm versus 6 mm in the DPF-6-layers), which provides for a better contact between contaminants in the mobile water phase in the high-porosity layers with the stagnant water phase and calcite in the low-porosity layers. Also the approximately 2 times longer residence time of the water in DPF-18-layers, due to a higher total volume of water (Table 1) contributes to the improved removal performance of DPF-18-layers compared to DPF-6-layers. The DPF-6-layers represents a cheaper construction compared to the DPF-18-layers, which however is expected to have a longer lifetime due to the larger calcite volume. The better removal of contaminants in the DPF-18-layers is not a demand for fulfilling the requirements set by the Municipality of Copenhagen, which are already largely met with the DPF-6-layers (Table 3) .
Inlet concentrations
In the review paper by Göbel et al. () the following range of total contaminant levels are reported for trafficked areas with high traffic density: SS 66-937 mg/L, Zn 120-2,000 μg/L, Cu 97-104, Cr 6-50, Pb 11-25 and P 230-3,400 μg/L. Despite the fact that the road runoff in Orestad has passed through a sand and oil trap before entering the DPF-pilot plant, the observed concentrations of SS, Zn, Cr, Pb and P are still within the lower range of these concentrations, and as such representative of road runoff. Observed Cu concentrations are somewhat below these literature values (Table 3 ). The traffic density in this new development has increased during the measuring period, but is not high. The Municipality of Copenhagen estimates the main roads in the area to have average daily traffic below 20,000 vehicles. Being a construction site the share of trucks and other heavy machinery is however high, which in combination with the construction activities may explain the rather high load of SS even after passage of a sand trap.
Flow rates
For the first half year of the DPF-pilot plant testing no clogging problems were observed, and as such the concept of accumulating solids in a compartment (the low-porosity layers) separate from the compartment supporting water flow (the high-porosity layers) is seen to function well. Thus, the DPF-technology is in principle able to overcome the dilemma of traditional filtration, where the voids of the filter media are used for flow-support, which requires open voids, as well as for capturing of solids, which requires small voids that unavoidably become blocked if the treatment is successful. The clogging trend observed later on and confirmed by the core sampling ( Figure 5 ) calls for a 2-segments design of future DPF-facilities, where the first segment (e.g. 10-15 m long) contains no filtering material in the low-porosity layers (only stagnant water for accumulation of sediment), and is suitable for flushing in a direction perpendicular to the overall flow direction, for instance every 6 months, while the second segment (e.g. 35-40 m long) contains filtering material in the low-porosity layers in the original design with a lifespan of several years (determined by the porous volume of the filtering material), after which period the segment will need replacement.
Future development of the DPF-technology
From the data reported here, together with the limestoneiron oxide experiment and a number of other data obtained on removal and distribution of additional elements and organic compounds, further size distribution of SS and its fraction of organic matter (data available at the DPFwebsite), a design for a PE-based DPF-module for easy construction and simple regeneration is presently being developed in collaboration with industrial designers and potential end-users. The immediate market for a DPFmodule is expected to concern road runoff treatment in a Danish/European context for reuse of the treated water in parks and open space areas for recreational purposes, while in a long term perspective a wider application range, including treatment of greywater and stormwater runoff for drinking water supply is assumed. This will however require a better understanding of the reasons for variability in the performance of the treatment system with respect to removal of Cu and Cr.
CONCLUSION
Based on the observed flow rates and contaminant removal rates from 25 rain events in a pilot plant in Copenhagen the concept of Dual Porosity Filtration (DPF) is considered to have a good potential for treatment of road runoff to a high water quality. Suspended solids, Zn, Pb and P are all removed to the low levels required by the Municipality of Copenhagen. In case of Cu and Cr the average outlet concentrations meet the required levels, but some events exceeded. The dominant unit process mechanism is the gravity driven sedimentation of suspended solids, which remove particles down to colloidal size. For all contaminant parameters the DPF-18-layers performs better than the DPF-6-layers, although the better removal rates are not necessary for complying with the requirements. Presently, a DPF standard module suitable for industrial production is being developed. This is expected to be tested in a full scale plant in Copenhagen. Due to the observed problems with clogging, despite upstream passage of a sand trap, the plant will be built with two DPF-segments, where the inlet segment can be flushed on a regular basis to remove sediments, and only the outlet segment will contain limestone. In a future context the DPF-technology may contribute to closing the freshwater flow paths in urban areas, by transforming low quality stormwater runoff into water with such high quality that it may serve essential supply purposes.
